The kinetics of very many reactions are critically dependent upon the barrier heights for which accurate determinations can be difficult. From the perspective of attaining such quantities using computational quantum chemistry, it is important to appropriately validate routine and efficient methodologies such as density functional theory (DFT) procedures. In the present study, we embark on the journey of establishing diverse databases using a consistent high-level quantum chemistry procedure, against which new and existing methodologies can be assessed. Thus, we have used the composite protocol W3X-L to provide refined reference values for existing databases [e.g., Zhao et al., J. Phys. Chem. A, 2005, 109, 5656] and additionally establish benchmark data that are of interest to atmospheric and combustion chemists. While our endeavor has just begun, assessment of various DFT methods with our existing results lend support to the use of MN15 as an adequate method for general kinetics applications. We also recommend the use of the less-costly W2X and WG composite protocols for obtaining adequately accurate reference thermochemical values for larger molecular systems.
Introduction
Accurate reaction energy barriers are essential for obtaining reliable rate of a chemical reaction for application in astrochemistry, atmospheric, combustion and heterogeneously-catalysed chemistries. 1 Given the exponential dependence of the rate constant on barrier height, even a modest difference of 4.2 kJ mol −1 (1 kcal mol −1 , i.e., so called "chemical accuracy") leads to a fivefold change in the value of the reaction rate at room temperature. In this regard, the development of computational quantum chemistry has already progressed to the point where such accuracy can be routinely achieved using high-level (but computationally demanding) methods for small systems. 2 For larger species, it is unavoidable to use computationally more efficient (but generally less accurate) methods such as density functional theory (DFT) procedures. In order to assess the suitability of DFT methods, a reliable database is required against which new and existing computational methods can be tested. For processes related to real-world atmospheric and combustion chemistries, currently no such database exists although recent work has made some headway. [3] [4] [5] Databases with alternative focuses have been created, notably for pericyclic 6 , heterocyclic cya Graduate School of Engineering, Nagasaki University, 7 and proton-exchange 8 reactions.
Here we focus on gas-phase reactions and adopt as our starting point the atom-transfer databases HTBH38 3 and NHTBH38. 9 They have already been previously employed for the purpose of assessing DFT procedures, notably as part of a recent extensive benchmark study. 10 To these databases we add an expanded palette of reaction types with relevance to atmospheric and combustion chemistries, among which recent high-level calculations exist for some. 11 While general compendiums such as HTBH38 and specifically focused databases may be more suitable for testing theoretical methods rather than as a guide to reactions of direct real-world relevance, the objective of this work is to encompass both areas. We will use high-level methods that have been demonstrated to be of chemical accuracy to obtain data in this collection, in order to fulfill the goal of providing benchmark data for assessing methods that are less accurate (but rapidly improving through continuous development by the computational quantum chemistry community).
A detailed overview of the performance of these protocols and related methods can be found elsewhere, 2, 22 here we simply note that these models have been extensively tested, particularly in the calculation of enthalpies of formation by an atomisation procedure, as regards their performance against the best database of such values, the Active Thermochemical Tables or ATcT. 23 In practice W2X may not generally represent a significant advance over alternative composite methods such as G4 24 due to the implicit incorporation of high-level correlation effects within the empirical correction scheme in the latter. In comparison, the more advanced W3X-L provides a general improvement over W2X and G4 and was able to highlight outliers in the database. 25 Unless otherwise noted, in the main text, barriers correspond to the difference in zero-point corrected energies between the reactant(s) and the transition state, and is tabulated as E ‡ .
Results and discussion

W3X-L benchmark values for ATBH76
First of all, we employ the W3X-L protocol to provide refined reference data for the widely used HTBH38 3 and NHTBH38 9 data sets. These sets comprise a total of 76 (38 hydrogen-atom transfer and 38 non-hydrogen-atom transfer) reactions for small systems for which the computation with high-level post-CCSD(T) methods are computationally viable. Importantly, the compendium consists of a reasonably diverse collection of four types of processes, namely hydrogen-atom transfer, heavy-atom transfer, nucleophilic substitution, and unimolecular and association reactions. Such a diversity provides a good platform for the assessment of more-approximate quantum chemistry methods such as DFT. In the present study, we will refer to the complete set of 76 reactions as the ATBH76 (atom-transfer barrier height) set. The W3X-L vibrationless forward and reverse barriers for the ATBH76 database are shown in Table 1 . We also provide in the supporting information the W3X-L free-energy values, which are more relevant to comparison with actual kinetic data. of the predominantly-single-reference character of the species involved in the ATBH76 set. In passing, we also note that previously Curtiss et al. 28 had shown that G4 performs reasonably well against the selection of hydrogen-atom transfer reactions with a mean unsigned deviation of 3.8 kJ mol −1 . However, these generalised statistics do not tell the full story since for a key reaction H + C 2 H 4 −−→ CH 3 CH 2 the error rises to ≈ 9 kJ mol −1 . They do show that the geometry underpinning G4, B3LYP/6-31G(2df,p), is partially responsible since using QCISD/MG3 geometries does reduce the deviations. As we shall see below, we also see the importance of utilizing highly accurate geometries, even in the context of already very high-level Wn-type procedures.
"CO 3 " and related reactions
A second set of reactions for which we have obtained refined reference values contains mainly species on the potential-energy surface of "CO 3 ". These include singlet and triplet trigonal CO 3 molecules of various geometries, trans-and cis-forms of (triplet) linearly connected O-C-O-O, and dissociated species CO 2 + 3 O/ 1 O and CO + 3 O 2 ( Fig. 1) . These reactions are relevant from the perspective of areas such as atmospheric chemistry, interstellar chemistry, and bio-geo-chemistry. Our calculated forward and reverse barriers are shown in Table 2 . Some of these are also the subject of a number of quantum chemistry investigations, [29] [30] [31] with a recent one undertaken using high-level methods up to W4. 31 In that study, three reactions were examined. They are 3 In contrast to the good agreements between W3X-L and W4 for the ATBH76 set, for these "CO 3 " reactions, the differences are larger. We find that this can be attributed to the use of different underlying geometries, namely DSD-PBE-P86 structures for W3X-L versus CCSD(T) for W4. The sensitivity of the geometries to the level of theory used to compute them highlights the difficulty in obtaining a reliable potential-energy surface (PES). We are currently in the process of conduction a thorough numerical construction of the PES using high-level methodologies, which will be the subject of a seperate publication. In the present study, for the sake of consistency for the comparison with additional CO 3 reactions, we retain the use of the double-hybrid-DFT geometries. Our calculated barriers show that, on the triplet surface, the addition of 3 O to CO 2 would preferentially give trigonal CO 3 rather than linearly connected O-C-O-O by a substantial margin. This result is fully consistent with the conclusion drawn from previous W4 computations as well as from other studies mentioned above, and account for the production of O 2 being a minor outcome. The experimentally observed scrambling of oxygen atoms has previously been attributed to reactions on both the singlet and triplet surfaces by comparison with theoretical results. In particular, due to the high reactivity of 1 O, its addition to CO 2 proceeds with no forward barriers to form an CO 3 intermediate with a cyclic COO moiety. The low-barrier opening and re-closing of such threemembered rings then leads to the exchange of oxygen atoms. Alternatively, an addition/elimination route 3 O + CO 2 ← − → CO 3 is also viable. Our results in Table 2 are also consistent with such arguments.
In another study, the reactions OH + CO 2 −−→ trans -OCOOH and trans-OCOOH −−→ CO + OOH have been examined as part of a wider investigation. 32 These two reactions are relevant to the interconversion between, from one perspective, CO 2 and CO, and from another perspective OH and OOH. From the perspective of the "CO 3 " reactions, they are analogous to the 3 O + CO 2 −−→ trans -OCOO and trans-OCOO −−→ CO + 3 O 2 reactions, and show the "substituent" effect of a hydrogen atom in, e.g., OH versus 3 O. We can see that, while the additional hydrogen atom does not lead to a fundamental change in the reactivity for the 3 O + CO 2 −−→ trans-OCOO reaction, the essentially irreversible trans-OCOO −−→ CO + 3 O 2 reaction becomes close to thermalneutral in the corresponding trans-OCOOH −−→ CO + OOH reaction.
Vinylperoxy radical reactions
A third set of reactions that we have examined are related to the vinylperoxy radical, which is a key intermediation in the reaction between the precursor vinyl radical and molecular oxygen. Notably, vinyl radical plays an important role in the combustion and pyrolysis of hydrocarbons. Its rich chemistry often dictates or play an important role in the outcome of related practical chemi- cal processes, which may at the one end be clean combustion but at the other end be dirty soot formation. 33 In a recent study, Goldsmith et al. have investigated the reaction between vinyl radical and molecular oxygen using highlevel quantum chemistry procedures. 11 The methodology that they employed is similar to W3X-L, in that it is a composite approach with CCSDT(Q) being the highest-level included. Specifically, their approach contains the term CCSDT(Q)/cc-pVDZ − CCSD(T)/cc-pVDZ. Thus, a difference from W3X-L in the post-CCSD(T) treatment is that the effect of CCSDT − CCSD(T) in the approach of ref 11 is not extrapolated, whereas such extrapolation is included in W3X-L. To this end, we have in the present study included a portion of the potential energy surface for vinylperoxy, CH 2 CHOO • , with the aim to provide a cross validation of the values of ref 11, as well as to incorporate these reactions into our data set at a level that is consistent with the rest of reactions included here.
The reactions that we have examined here are those between the "wells" W1-W8 in ref 11. They represent sequential isomerization reactions of CH 2 CHOO • (W1). This set of reactions are depicted schematically in Fig. 2 , and the reaction barriers are shown in Table 3 . Our results are in reasonable agreements with those reported previously, though in some cases (e.g., W 1 −−→ W 4 ) the discrepancies are more significant (but not excessive). We stress that the protocol employed by Goldsmith et al. are at a comparable level to W3X-L. Thus, in cases where notable differences occur in the computed barriers, we do not suggest one or the other to be a definitive benchmark value. Such discrepancies do indicate mild difficulties in the theoretical treatment of the species involved, and even-higher-level methodologies might be required to resolve the matters. At any rate, the downhill processes to produce W6-8 as major low-energy species are fully consistent with the reaction profile of ref 11 .
While we are satisfied that our W3X-L 0 K barriers presented in this and previous sections are generally of chemical accuracy. For real-world kinetic applications, particularly those involved in high-energy processes, temperature-related factors are equally important, as elegantly demonstrated by Goldsmith et al. in ref 11 . Such effects might not be fully captured by the simple protocol for geometry optimization and harmonic vibrational frequency calculations defined within W3X-L. At present, proper treatments of temperature effects remain complex and ad hoc, and the development of an accurate and "blackbox" approach is highly desirable in order to facilitate widespread use of highly accurate computational quantum chemistry for truly in silico kinetic studies.
Assessment of DFT procedures and lower-cost benchmark-quality composite protocols
An important use of compiling a set of highly accurate reaction barriers, further to their obvious practical applications in understanding real-world chemical phenomena, is to provide a benchmark for assessing more approximate methods. To this end, we note that the HTBH38 and NHTBH38 databases (i.e., ATBH76 set as referred to in the present study) have already been used extensively for such a purpose. It is of interest to see if the use of refined benchmark values provided by the present study will alter the conclusions drawn from previous works. Moreover, the provision of additional data for the "CO 3 " and "vinylperoxy radical" sets will serve the purpose as an independent and, as we shall see, more challenging tests for the DFT methods. In the present study, we will refer to the combined "CO 3 " and "vinylperoxy radical" sets as the ORBH36 set ("oxygen" reaction barrier heights).
A recent comprehensive benchmark study of an extensive set of DFT methods has confirmed the good overall performance of several Minnesota functionals. 10 In relation to the present study, the M06-2X and MN15 procedures have been shown in that work to be among the best performing methods for the HTBH38 and the NHTBH38 sets (i.e., the ATBH76 set). With our refined W3X- L benchmark values, we also find this to be the case. In addition, nearly all Minnesota functionals have fairly small mean absolute deviations (MADs) for the ATBH76 set. This is not surprising because these methods are typically parameterized with ATBH76 as one of the training sets. Other DFT methods that also give small MADs include for example the BMK and HISSb-PBE functionals.
The picture is rather different when one looks at the MADs for the ORBH36 set, for which none of the DFT procedures examined yields an MAD that is less than 15 kJ mol −1 . Interestingly, many of the older generation of functionals such as B3-LYP and MPW1-PW91 turn out to be better performers. At the other end of the spectrum, BHandH-LYP yields the largest MAD of 27.1 kJ mol 1 . This finding appears to suggest that a large proportion of HartreeFock exchange is a contributing factor to large deviations for this set. With that being said, we note that the BMK and MN15 functionals have reasonable MAD values while also include reasonably large amount of Hartree-Fock exchange in their formulations. As we shall see below, the large deviations for BHandH-LYP is not a "Hartree-Fock problem" per se, but has more to do with the single-reference nature of common DFT methods (and HartreeFock). Overall, when one takes into account the results for both the ATBH76 and the ORBH36 sets, with a somewhat larger emphasis on the latter due to its more challenging nature, we consider MN15 to be the best performer in this assessment.
An important feature of DFT is its low cost and hence the capability for the computation of large molecular systems. Thus, while the identification of a best-performing DFT method for small species is significant, it is also important to assess their accuracy for calculating larger molecules. To this end, one would inevitably turning to lower-cost yet adequately accurate methods for obtaining benchmark quantities. We have therefore assessed the WG 22 and W2X 12 methods, in order to gauge the highest level of accuracy that one can reasonably expected when treating mediumsized molecules. These two methods are among the computationally efficient yet highly accurate WnX series of composite protocols. 12, 22, 34, 35 While WG represents the most economical member within this family and is capable of treating molecules as large as coronene, W2X is the most accurate (for non-multi-reference systems) apart from W3X-L itself. We can see that, both methods are associated with MADs below 1 kJ mol −1 for the ATBH76 set. However, they are set apart by the more challenging ORBH36 set, for which the MADs are 2.6 and 4.3 kJ mol −1 , respectively, for W2X and WG. In any case, we believe these two methods are capable of providing benchmark-quality thermochemical quantities except for highly pathological cases.
Large deviations in the ORBH36 set
Detailed inspection of the individual deviations shows that the large MADs for ORBH36 are dominated by several exceedingly large deviations. The deviations for some of these for B3-LYP and BHandH-LYP are shown in Table 5 . The choice of these two methods serves two purposes. First of all, as mentioned above, B3-LYP has one of the smallest MADs, while BHandH-LYP has the largest. Thus, they represent methods with performances at the two ends of the spectrum. Second, and perhaps more importantly, they share the same fundamental in their formulations, in that both are based on the B-LYP functional. The B3-LYP functional has 20% Hartree-Fock exchange, whereas BHandH-LYP has 50%. A comparison between the two thus enables us to gain some insights into the effect of varying the amount of Hartree-Fock exchange on the deviations from W3X-L benchmark values for these reactions.
An immediate observation from Table 5 is that, while the devi- ations for B3-LYP spread quite evenly between positive and negative values, most of the deviations for BHandH-LYP are positive. This is consistent with the general behavior of increasing barrier heights with the increasing proportion of Hartree-fock exchange. The many cases of large positive deviations is indicative of large correlation effects in the transition structure that are not sufficiently captured by the correlation functional. This is perhaps not surprising given that we would anticipate large multi-reference characters in the transition structures for some of these reactions. Among the six reactions considered, the one with the largest deviations is 1 O + CO 2 −−→ O --(cyc)CO 2 for which the BHandH-LYP barriers deviate from the benchmark W3X-L values by more than 100 kJ mol −1 . For this reaction, the deviations for B3-LYP in the forward direction is just 8.7 kJ mol −1 but the correspoinding value in the reverse direction is quite substantial (60.8 kJ mol −1 ). Let us now consider the transition structure of this reaction (Figure 3a) . This "CO 3 " species is a closed-shell singlet but one can intuitively expect a substantial open-shell character as the O-O bond in product, i.e., O --(cyc)CO 2 (b), is far from being fully formed. Indeed, the unrestricted B3-LYP and BHandH-LYP solutions for this transition structure have S 2 values of 0.94 and 0.99, respectively, which are substantially larger than the expectation value of zero for a pure singlet. When the UB3-LYP energy for the transition structure is used, the deviations for the forward and reverse barriers become -59.1 and -7.0 kJ mol −1 , respectively. For BHandH-LYP, the corresponding values are -2.7 and -11.6 kJ mol −1 . It has been suggested that unrestricted formulation is capable of partially capturing multi-reference characters such as those in stretched single bonds. 36 The vastly improved B3-LYP and BHandH-LYP barriers are consistent with such an argument.
Miscellaneous
The ATBH76 and ORBH36 sets discussed in previous sections represent reaction barrier data that are rather "self-contained". We are currently in the process of exploring a wider-range of systems to enrich the compendium for benchmark and kinetics purposes. In this section, we provide a glimpse of our investigations that have been undertaken. A number of mainly hydrogen-atom transfer reactions is presented in Table 6 . Whereas in previous sections we provide our results in the form of forward and reverse barriers, here we show them as forward reaction barriers and reaction energies in order to enable a more direct comparison with literature values, including reaction energies evaluated from the tabulated enthalpies of formation in the Active Thermochemical Tables (ATcT) . 23 . We note that in all cases the agreement is eminently satisfactory, and some specific cases will be discussed below.
H-atom abstraction from methane by both H-atom and hydroperoxyl radical are in very good agreement with the recent literature. An interesting observation is the comparison with the CCSD-R12//B3LYP/def2-TZVP result for CH 4 + HO 2
• −−→
CH 3
• + H 2 O 2 , 38 which seems to suggest that this reaction does not involve very-high-level correlation effects. In the addition reaction, H • + C 2 H 4 , there is reasonable agreement with the QCISD(T)/CBS//QCISD(T)/cc-pVTZ work of Miller and Klippenstein. 40 Hydroperoxyl radical abstraction of an allylic hydrogen from propene is similarly in concordance with a zero-point corrected electronic energy barrier computed at the QCISD(T)/CBS//B3LYP/6-311++G(d,p) level. 39 Swann etal. have recently carried out quantum Monte Carlo methods on H-abstraction by a hydrogen atom from methanol. 45 They also usefully summarise previous work on these reactions:
We combine their vibrationless CCSD(T) barriers with our ZPVE values and find satisfactory agreement with our W3X-L barriers. A more detailed discussion of the consequences of these reactions has been addressed recently by Döntgen and Leonhard. 46 Similar abstractions by the hydroperoxy radical HO 2
• from methanol, studied by Klippenstein etal. 41 with CCSD(T)/CBS//CASPT2/ccpVTZ, have E ‡ 1 f of 63.9 as against our W3X-L value of 64.0 kJ mol −1 . But the agreement is not as good for E ‡ 2 f where the W3X-L barrier is of 83.4 kJ mol −1 . It however agrees with the W2X value of 88.4 kJ mol −1 , and the significant post-CCSD(T) contribution is a clear indication that the multi-reference aspect is important. Our computed reaction energy at 0 K of 73.9 kJ mol −1 compares very favourably with an ATcT 23 derived value of 74.10 ± 0.41 kJ mol −1 (Table 6 ).
Shayan and Vahedpour have explored the reaction between methanol and ozone on a singlet potential energy surface at the Table 6 Forward barrier heights (E ‡ f ) and reaction energies (∆E f ) (kJ mol −1 ) for an additional set of miscellaneous reactions Table 6 of the latter reaction shows significant difference between the literature CCSD(T) barrier and our W3X-L value. The corresponding W2X value of 78.2 kJ mol −1 indicates a significant basis set effect beyond 6-311++G(d,p) as well as a notable post-CCSD(T) contribution.
The H-abstraction reactions of singlet ground state ozone have not received much attention 47 but Voukides et al. 43 44 Our results (Table 6) show that these barriers are in fact very similar; note that previously reported value of 68.4 (W3X-L) kJ mol −1 for CH 2 O + O 3 ( 1 A 1 ) = HCO + OOOH were obtained with MN12-SX/6-311++G(d,p) geometries and frequencies, 47 which indicates a slight sensitivity to the underlying geometries.
Finally and briefly, both the singlet and triplet potential energy surfaces for the reactions of ketenyl radical (HC ---C -O • ) with hydroxyl radical have been investigated by the Lin group. 48 Their CBS-QB3 results for IM 7 −−→ IM 8 −−→ CH 2 + CO 2 via TS15 and TS16, respectively, are shown in Fig. 4 . These values are in good agreement with our W3X-L barriers of 153.4 and 46.3 kJ mol −1 , respectively. We also find good agreements for reaction energies.
Uncertainties related to the use of DSD-PBE-P86 vibrational frequencies
So far our discussion focuses on the aspect of electronic energy. As mentioned previously, 12,13 within highly accurate compos- ite protocols such as W3X-L, the use of thermochemical quantities [ZPVE, thermal correction to enthalpy (∆H T −0 ), and entropy (S T )] calculated with DFT or DH-DFT vibrational frequencies may contribute significantly to the overall uncertainties. This factor might have different level of importance at different temperatures, given that both ∆H T −0 and S T varies with the temperature. While ref 13 has given statistics for these quantities for stable species at 298 K, the uncertainties at other temperatures and those associated with calculated transition structures remain unclear. Among these two factors, it is straightforward to evaluate the uncertainties for stable species at different temperatures given the existing data provided by ref 13 , and we will briefly explore this issue in the present study. The LF10 set of benchmark thermochemical quantities have been used to assess the accuracy of using scaled DSD-PBE-P86/aug -cc-pVTZ+d harmonic frequencies for their calculations. 13 This data set contains ten medium-sized molecules (PhH, PhF, PhCl, PhCN, cubane, CF 3 CN, C 2 F 6 , N 2 O 4 , PF 5 and SF 6 ) with a total of 234 vibrational modes. In the present study, we have determined appropriate scale factors for ∆H T −0 and S T at 500 and 1000 K according to the procedure given in ref 13 . These scale factors, and the MADs for total enthalpies (H T ) and free energies (G T ) at 298, 500 and 1000 K for the LF10 set, are shown in Table 7 .
It can be seen that, for this set of systems (with an average molecular size of ∼10 atoms), the MADs for H T and G T remain small in this temperature range. While the MAD for G 1000 appears to be larger than those for G 298 and G 500 , when one takes into account the temperature factor on reaction rate according to standard Eyring equation, the effect of this uncertainty actually seems to become smaller with increasing temperature. Conversely, the uncertainties associated with these quantities can be expected to become more significant at lower temperatures. Un- Table 7 Frequency scale factors for DSD-PBE-P86/aug -cc-pVTZ+d for ZPVE, ∆H T −0 and S T at 298, 500 and 1000 K, and MADs (kJ mol −1 ) for the LF10 set of thermochemical quantities [total enthalpy (H T ) and free energy (G T )] at these temperatures der these circumstances, other factors such as tunneling should also be considered. With these being said, we note that the MAD values shown here are for thermochemical quantities in absolute terms. For reaction energies and barriers, cancellation of deviations would often lead to lower relative deviations. 49 
Conclusions
The present study embarks on the establishment of a database of reaction barrier heights of closer link to real world chemistries with room for future expansion. Its purpose is to provide a consistent set of high-level theoretical numbers against which new model chemistries can be tested and, just as importantly, a check list for kinetic simulations of interest to different chemistries. Thus, we have used W3X-L, a composite protocol with the inclusion of high-level electron correlation effects up to CCSDT(Q), to provide accurate and consistent values for the ATBH76 and ORBH36 sets of over 100 reaction barriers. They cover a wide range of prototypical atom transfer reactions (ATBH76) and reactions related to oxygen species (ORBH36) with real-world relevance.
Comparison in cases where alternative high-level theoretical or accurate experimental values are available generally supports the quality of our W3X-L values. It also in a few cases highlights some remaining challenges. These include finding a computationally affordable and reliable geometry optimizer given that current work has been performed with relatively low-level B3-LYP and DSD-PBE-P86 methods. This is important because many real-world chemistries, such as those involved in the ORBH36 set, often involves "tricky" molecular transformations for which significant high-level correlation effects are involved, and therefore low-level optimization methods may yield erroneous structures. We also note that a straightforward and robust alternative to explicit anharmonic treatment is desirable for the determination of ro-vibrational modes including the all-important imaginary frequency for tunnelling corrections.
We have used the two high-level benchmark sets to assess a wide range of density-functional-theory procedures. For the ATBH76 set, our results are consistent with previous works, and they lend further support to the good accuracies of the Minnesota functionals such as the widely used M06-2X method and the latest MN15 functional. In contrast, none of the DFT methods examined has truly risen to the challenge presented by the more problematic ORBH36 set. With that being said, we note that some of the "multi-reference" issues may be partially alleviated by the use of the unrestricted formalism. Taking the results of both test sets into account, we perceive MN15 to be a reasonable choice for general kinetics applications within the limitation of current generation of DFT methods. We also note that, for expanded benchmark studies with larger molecular systems, the W2X and WG composite protocols could provide a computationally economical yet adequately accurate means for obtaining reference thermochemical values. 
